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REGULATION OF SPOROPHORE DIFFERENTIATION 
IN SOME MACROMYCETES, PARTICULARLY 
IN COPRINI: 
AN OVERVIEW OF SOME EXPERIMENTAL STUDIES, 
FROM FRUITING INITIATION TO SPOROGENESIS * 


by G. MANACHERE ** 


ABSTRACT - Differentiation and morphogenesis of fungi are considered as model systems 
with regard to the general biology of organisms. That ts particularly true at the level of 
vegelalive structures (hyphal differentiation, conidialion...) where observations and exper- 
iments can be conduced at the cellular level. 

In differentiation of sporophores of macromycetes constitutes also a fundamental problem, 
the complexity of organized structures formed by such fungi is much greater than in the 
case of most popular models generally studied. 

Schizophyllum commune. Fammulina velutipes and Coprini are good models for the study of 
differentiation and morphogenesis of macromycetes. Schematically, when “maturity of fruit- 
ing” is reached by vegetative mycelia, successive phases can be distinguished in the forma- 
tion of sporophores, and correlalively, studied from specific physiological points of view: 
firstly, an initiation phase of fruiting release; secondly; a morphogenetic phase s.s., including 
the differentiation of the hymenium, and achieved by the fundamental subphases of sporo- 
genesis and sporulation. 

Numerous studies have been conduced on the influence of external factors - chemical and 
physical - on such successive fruiting phases of Coprini; biochemical informations are frag- 
mentary. An overview of experimental studies about Coprini leads to a survey of some ac- 
tuat problems to solve when studying sporophore differentiation of macromycetes. 


RESUME - La differenciation et la morphogenése des champignons sont considérées com- 
me des systèmes modeles dans le cadre de la biologie des organismes en general. Ceci est 
particuliérement vrai à l'échelle des structures végétatives (différenciation hyphale, 
conidiation.,..) où observations et expérimentations peuvent être conduites à l'échelle cellulai- 
re. Si la différenciation des carpophores de macromycêtes constitue aussi un problème fon- 
damental, la complexité des structures organisées correspondantes est supérieure à celle des 
modeles évoqués et généralement étudiés de manière privilégiée. Schizophyllum commune, 
Flammutina velutipes el divers Coprins constituent de bons modèles pour l'étude de la 
différenciation et de la morphogenése des macromycètes. Schematiquement, une fois atteint 
par les mycéliums vegétatifs un stade de “maturité de fructification”, il est possible de distin- 
guer des phases successives dans la formation des carpophores el, correlativement, d'étudier 
ces phases quant à leurs spécificités physiologiques: d'abord une phase d'induction 
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fructifère: ensuite une phase morphogenetique s.s., incluant la différenciation de l'hyménium 
et s'achevant par les sous-phases fondamentales de sporogenèse el de sporulation. 

De nombreux travaux ont été conduits sur l'influence de facteurs exlernes - chimiques et 
physiques - sur les phases fructifères successives de Coprins; les informations biochimiques 
sont fragmentaires. Une revue de travaux expérimentaux sur les Coprins permet d'envisa- 
ger quelques problèmes actuels à résoudre et relatifs à la différenciation des sporophores de 


macromyceles. 


KEY WORDS : sporophores, Macromycetes, Coprini, fruitbodies, fruiting initiation, pho- 
tomorphogenesis, meiosis, sporogenesis, biological rythms. 


"Ultimately, chemostructural differentiation of the several types of functional 
hyphae shaping the elaboration of reproductive stromas in the higher Ascomycetes 
and Basidiomycetes raises the most provoking and mostly unanswered questions 
pertaining to the visual achievement of macrofungal morphogenesis in nature.” 
(TURIAN, 1983). 


Differentiation and morphogenesis of fungi are considered as model systems 
with regard to the general biology of plants and, eventually, of others organisms. 
That is particularly true at the level of vegetalive structures (hyphal differen- 
tiation, conidiation,...) where observations and experimentation can be conduced 
at the cellular level. Such systems are eventually genetically controlled and ame- 
panie to biochemical researches (cf. various papers in SMITH, 1983; LOVETT, 
1985). 

If differentiation of sporophores of macromycetes constitutes also a funda- 
mental problem, it appears that the complexity of organised structures formed by 
such fungi is much greater than in the case of most popular models generally stu- 
died for: ”. the development of any organized fungal structure requires that hy- 
phae grow taward one another and cooperate in formation of the differentiating 
organ; this is the diametrically reversed character of the invasive undifferentiated 
mycelium. We are almost totally ignorant of the factors which control this pecul- 
iar reversal in behaviour” (REINDERS & MOORE, 1985). Indeed the influ- 
ences of environmental - nutritional and physical - factors on primordia initiation 
and general morphogenesis of sporophores are rather well known (MANACH- 
ERE, 1978, 1980, 1985), but the biochemical events really induced and regulated 
by such factors are unknown in most cases. The most precise results concern ac- 
tually Schizophyllum commune (cf. various papers, in SCHWALB & MILES, 
1978; WESSELS, 1985). In a such model species, general biochemical processes 
were described in parallel with fruiting evolution and according to genetical char- 
acteristics (WESSELS, 1978, 1985). Coprini are also considered as good models 
for the studies of differentiation and morphogenesis of higher fungi (MANACH- 
ERE, 1970, 1974; MOORE & al., 1979; MOORE, 1984a, b) particularly from a 
photobiological point of view. It is actually interesting to notice that the principal 
characteristics of photoinduction of fruiting and photomorphogenesis of sporo- 
phores - including abortion of primordia under uninterrupted fight, described 
and precisely defined for Coprinus congregatus (MANACHERE, 1961, 1970, 
1971) were recently described for Coprinus cinereus (BALLOU & HOLTON, 
1985). That appears as a clear confirmation of the general value of our model. 
Nevertheless, for Coprini, biochemical information remains fragmentary and es- 
sential problems remain to be solved. 

A true difficulty is that final differentiation of sporophores of macromycetes 
results from the progressive integration of successive differentiation phases. Such 
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interdependant phases are often studied by different searchers acling - and think- 
ing ! - as “specialists” rather than as “generalists”. This paper will try to give ... 
the “hybrid point of view of a … specialised generalist”! 

The initiation and subsequent development of carpophores from a vegetative 
mycelium depend firstly, of course, of the genetical ability to fruit of such a 
mycelium (cf. MEINHARDT & ESSER, 1983; RAPER, 1983; CASSELTON & 
ECONOMOU, 1985). They depend also of an adequate preliminary vegetative 
growth: physiological conditions necessary to obtain “maturity of fruiting” at the 
level of a fungal thallus remain to be defined for a majority of species. Of course, 
in most cases mycelia capable of producing normal carpophores result from the 
plasmogamy of two haploid mycelia, genetically compatible; according to a 
scheme of either bipolarity or tetrapolarity; but, in reality, there are many vari- 
ants which complicate these simple modes (KUHNER, 1977). It appears thal a 
majority of studies have been conducted on the influence of external factors - 
chemical and physical - on successive fruiting phases of some basidiomycetes. 
Schematicaliy, when “maturity of fruiting” has been reached by vegetative myce- 
lia; two successive phases can be theoretically distinguished in the formation of 
basidiomycetes carpophores: firstly an initiation phase and fruiting release; sec- 
ondly a morphogenetic phase including the differentiation of the hymenium and 
achieved by the fundamental subphase of sporogenesis, itself ended by sporula- 
tion. 


INITIATION PHASE 


The accomplishment of this phase is evidently simultaneously dependent on 
various environmental factors and more or less well defined endogenous factors 
(genetical and physiological factors) (reviewed in MANACHERE, 1978, 1980). 
Only some fundamental aspects will be discussed here. 


Photo-induction of fruiting 


Initiation phase of fruiting is a process of fungal differentiation often photo- 
controlled, particularly in the cases of various Coprini. For instance, illuminated 
cullures of Coprinus congregatus produced a ring of primordia on a minimal liq- 
uid medium; just behind the front of growing hyphae at the time of illumination, 
and no subsequent part of mycelia could be induced (DURAND, 1983b, Fig. 1). 
ROSS (1982, 1985) also reported the existence of an area of inducibility in a 
“pale mushroom” phenotype of the same species, but no primordia developed on 
solid medium until the mycelia had reached the edge of the plate. Similar results 
have also been reported for S. commune (RAUDASKOSKI & YLI-MATTILA, 
1985). In the ROSS’ experiments, photoinduction appears to be “memorized” un- 
til vegetalive growth is achieved. Yet, we have demonstrated that photo-induction 
can be also “memorized” by fully developed mycelia (MANACHERE & BAS- 
TOUILL - DESCOLLONGES, 1985, Fig. 2). So, fruiting in dark-grown cultures 
of C. congregatus (“dark mushroom’ phenotype, usually studied in our laborato- 
ry) is induced by a 12 h light-break. After a few days, the majority of cultures 
present characteristic etiolated primordia. Such primordia can show a normal 
development if submitted to suitable photoperiodic regime before abortion. 
Moreover, in some cases, it was established that photo-induction is “memorized” 
without recognizable morphological effects, for a period of 8.5 to 9.5 days. În 
parallel, the visible etiolated photoinduced primordia abort after about 4.5 to 7.5 
days in darkness. 
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Fig. | - Localization of light-induced primordial formation of Coprinus congregatus (after 
DURAND, 1983b). 
The fungus was cultured in partitioned plastic Petri dishes. The first compartment was 
filled with 20 ml of 2 semi-synthetic malt-agar medium. The second compartment 
received a salt liquid medium. Afler inoculation of the solid medium with a mycelial 
plug from stock cultures, test cultures were placed in continuous darkness at 25°C. 
Cultures grown in darkness for 9 days were then exposed to a 24h white light period. 
As a result of photo-induction, cultures produced a ring of primordia on liquid medium. 
Photograph was taken at the end of the light period. Dish diameter: 9 cm. 
N.-B.: in full darkness, cultures produced sclerotia and no fruiting primordia. 


go 


The action spectra for the initiation phase of C. congregatus showed peaks of 
effectiveness at 260, 280, 370 and 440 nm (DURAND & FURUYA, 1985, Fig. 
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Fig. 2 - "Memorization" of photo-induction in Coprinus congregatus (after MANACHERE 
& BASTOUILL - DESCOLLONGES, 1985), 
Experiments were conducted to determine the effect of short irradiations (for instance 
12h a 300 mWm2, white light) on the initiation and differentiation of sporophore pri- 
mordia and on the morphogenesis in darkness of such photo-induced primordia, Photo- 
induction is characterized either by development in darkness of etiolated primordia, or 
by a subthreshold state where no visible primordia are recognizable, but where inter- 
action with a subsequent light pulse can be observed. The photo-induced primordia 
abort after about 4,5 to 7,5 days in darkness. The photo-induction itself is memorized 
for a longer period (8,5 to 9,5 days) in darkness. 
N.B.: the figure indicates the fruiting pattern of typical experimental treatment (E) and 
corresponding control cultures (CO, C7). The experimental procedure is represented be- 
low, Size of primordia and final sporophores are not to scale. P.S.D.1 and PS.D.2 = 
successive pre-stays of cultures in darkness following inoculation; the cultures (10/series) 
are then submitted to (12h, 12h) light regime. 


3). A pratically identical action spectrum for fruit-body formation of Sehizaphyi- 
lum commune was also established (YLI-MATTILA, 1985). The nature of the 
hypothetical “cryptochrome(s)" photoreceptor(s) is unknown. 

Nevertheless, according to the more recent action spectra, it seems to be flavin 
photoreceptors rather than carotenoids (DURAND & FURUYA, 1985; DU- 
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Inhibitor (M) Primordial Scleratial 
production production 


Phenylacetic acid 


5-Fluorouracil 


Cycloheximide 


Table 1 - Effects of various inhibitors on primordial and sclerotial formation in C. congre- 
garus (after DURAND, 1983b, 1987). 
Inhibitors were applied for 3.5h during primordial photoinduction (3h of blue light) and 
for 6h during chemically induced sclerotial formation in darkness. Inhibitor solutions 
were added to the liquid salt medim (cf. Fig. 1, and more details in DURAND, 1983b). 
The results show potassium iodide did not inhibit blue protoinduced promordial forma- 
tion. Phenylacetic acid and sodium azide inhibited the primordial and sclerotial forma- 
tion. The activity of phenylacetic acid on the non photoinduced process of sclerotial for- 
mation in C. congregarus leads to the conclusions that this drug does not act at the 
photoreceptor level. 


N.B.: primordial and sclerotial productions are expressed as percentage of the controls 
without inhibitors. 


RAND, 1985, 1987). DURAND special culturing procedure on liquid medium 
offers major advantages: particularly the precise localisation of a predictable area 
of differentiation of primordia of C. congregatus, and also the possibility for ap- 
plying and removing chemicals to the growing mycelia at any time before or af- 
ter photoinduction. But experiments using inhibitors known to react with illumi- 
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nated flavins (potassium iodide; phenylacetic acid...) demonstrated thal these 
inhibitors do not act - while having other effects - at the photoreceptor level and 
can no longer be regarded as specific inhibitors of this blue-U.Y. light response 
(DURAND, 1985, Table 1). According to DURAND (1987), the most promis- 
ing approach to elucidate the nalure of “cryptochrome” is to use a system in 
which the photoreceptor level can be perturbated. Experiments are being carried 
out Lo isolate riboflavin requiring mutants in Coprinus congregatus. So, bio- 
chemical and spectroscopic analysis of such strains should lead nol only to eluci- 
dation of "cryptochrome" and of the primary events of the photolransduclion 
chain but, also, to a better comprehension of fruiting initiation from a general 
point of view. For instance, the light-induced primordia formation of Coprinus 
congregatus was inhibited by various inhibilors of nucleic acid and protein syn- 
thesis (DL RAND, 1983b, Table 2). Cyclohemixide and a phenylalanine ana- 
logue (4 fluophenslalanine) prevented the formation of primordia, and the incor- 
poration of leucine during photoinduction was substantially reduced in the 
presence of cycloheximide. Results suggest thal cycloheximide inhibited protein 
synthesis but not the incorporation of precursors of nucleic acid synthesis. Actual 
resulls suggest the involvement of RNA and protein synthesis in light-induced 
primordial formation in C. congregatus. 


Inhibitor Before During After 
photainduction phoroinduction photoinduction 


S-Fluorouracil 


` (107M) 


Cycloheximide 
(ow 


Table 2 - Effect of ume applicauon of inhibitors on photoinduced primordial Formation of 
C. congregatus (after DURAND, 1983b). 
The duration of inhibitor application was 3.5h and the length of light-induction (blue 
light) period was 3h. It appears that (luorouracil inhibited to a greater extent primerdial 
formation when added in liquid salt medium (ef. Fig. 1) during the photoinduction peri- 
od, whereas cycloheximide inhibited primordial formation only when added after the 
photoinduction period, These results presented evidence for the requirement of RNA 
synthesis de novo followed by protein synthesis in primordial phatomduction. 
N.B.: primordial formation is expressed as percentage of the controls without inhibitors. 


Gene expression and induction of fruiting 


More generally, if actually induction of fruiting of numerous Lower and higher 
fungi is rather easily controlled, very lille is known about the mechanisms of 
transduction of external stimuli into a differentiation response such as fruiting ini- 
tiation, and of course, following events (sporophore formation,... sporogenes- 
is...). Studying gene expression during basidiocarp formation in Schizophyllum 
commune, WESSELS and co-workers (cf. WESSELS, 1985) detected *... few dif- 
ferences in proteins between monokaryons and the derived dikaryon. Further- 
more, il was observed a regulation of RNA sequences... confined lo the period of 
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basidiocarp formation in the dikaryon. The regulation involved a limited number 
of abundant mRNAs for a number of which cloned cDNA sequences were ob- 
tained and organized”. By molecuiar cloning of RNAs differentially expressed in 
monekaryons and dikaryons of S. commune, a role of the detected dikaryon-spe- 
cife RNAs in fruiting was recently suggested by MULDER & WESSELS (1986). 
Between several observalions, it was noticed that nine different RNAs abundant- 
iy present in the fruiting dikaryon are present in very low or undctectable leveis 
in vegetative growing monokaryons or the dikaryon. In spile of major difficulties, 
such studies aboul gene expression during basidiocarp formation have to be de- 
veloped not only in the particular case of S. commune but also in the case of 
more classical basidtomycetes, particularly Coprini. Indeed, morphogenesis of 
such agaricales is more complex than morphogenesis of S. commune. Neverthe- 
less it would be useful to study gene expression during basidiocarp formation in 
Coprini not only by a comparison of monakaryons and the derived dikaryon, 
but also by a comparison of dikaryons induced and non-induced lo fruiting 
(photo-induced or nol, for instance) or by a comparison of strains from the same 
species but more or less sensilive to light. 


The problem of “fruiting-inducing substances” 


For several decennies, monokaryotic fruiting has been observed in the case of 
some normally heterothallic species (cf. STAHL & ESSER, 1976) and also in 
monokaryolc cultures when wounded (ex: S. commune, RAPER & KRON- 
GEIB. 1958; LEONARD & DICK, 1973): models relating the various genes 
implicated in monokaryotic sporophore production in S. commune have been 
proposed and evaluated on their ability lo explain the observed data (LESLIE & 
LEONARD, 1979), At last, “abnormal” monokaryotic fruiting can equally be in- 
duced from a monokaryolic mycelium of Coprinus macrorhizus {alias C. ciner- 
eus according lo VERRINDER GIBBINS & LU, 1984) by acellular extracts of 
carpopheres of a dikaryolic mycelia of this mushroom (UNO & ISHIKAWA, 
1971). An identical effect can be obtained with acellular extracts of other basi- 
diomycetes (c.g. Lentinus edodes, Pleurotus ostreatus, Flammulina velutipes...). 
Carpophores produced in these conditions are not as well developed as basidio- 
carps produced by dikaryotic mycelia: nevertheless, the basidtospores which 
they form are viable, germinate, and are of the parental type. EGER (1965a, b, 
1968) indicated that the production of carpophores from mycelia of Flammulina 
velutipes can be stimulated by the addition of basidiocarp fragments of this spe- 
cies or other species. This is the case for Pleurotus “Florida”. UNO & ISHIKA- 
WA (1971) attributed the inducing power of extracts to a fruiting-inducing sub- 
stance (F.1.S.). They identified this as cyclic AMP and'or cAMP-binding 
proteins (UNO & ISHIKAWA, 1973, 1976, 1982). However, SCHWALB (1974) 
wilh Schizophyllum commune, WOOD (1976, 1979) with Agaricus bisporus and 
von NETZER (1977) with Pleurotus ostreatus could not find any evidence that 
cAMP would acts as a fruiting inducer. Conversely, a “F.I.S. analog” was iso- 
lated from A. bisporus sporophores and this induced haploid fruil-body forma- 
tion in S. commune (RUSMIN & LEONARD, 1975, 1978): it docs not appear 
to be cAMP, bul it may be a peptide. Some of these observations are compara- 
ble to others (reviewed by MANACHERE, 1980) showing the simulating fruit- 
ing power of carpophore fragments placed on a vegetative mycelium (for in- 
Stance C. congregatus, MANACHERE, 1976, 1977; ROBERT, 1978). 
Stimulating substances do nol appear to be specific (ef. EGER, 1965b, 1968). 


In parallel, there are also examples of microorganisms stimulating the fruiting 
of higher fungi. For instance, SALAS & HANCOCK (1972) pointed out that 
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Penicillium oxalicum brings about a spectacular fruiting initiation and basidio- 
carp production in Mycena citricolor when the lwo species are co-cullivated. One 
or more unidentified basidiocarp-stimulaling-subsiances (B.S.S.) were involved. 
Mushroom growers consider aclually Ihat some more or less specific microor- 
ganism have a positive effect on the release of fruiting of cultivated fungi, partic- 
ularly Agaricus bisporus (COLVY, 1973). WOOD (1976) thought that such mi- 
croorganisms do nol release Iruiting-stimulating metabolites but that they 
contribute to the suppression of metabolites produced by the Agaricus vegclative 
mycelium which could prevent fruiting. This last hypothesis is considered the 
most plausible, as fruiting was not simulated by culture filtrates not hy suspen- 
sions of Pseudomonas putida or olher bacteria generally present in various Agari- 
eus cultures. Moreover, fruiting of such mushrooms in axenic cultures is pro- 
moted hy the presence of active charcoal (EGER, 1961; COLVY, 1974; LONG 
& JACOBS, 1974). Thus, the role of the microflora accompanying A. bisporus 
mycelium might to be to eliminate fruiting inhibitors... rather than to produced 
inducing compounds ! 


Finally, it seems that, as for “florigen” for higher plants, Lhe hypothetical 
substance(s) supposed te cause floral initiation (cf. WILKINS, 1969), F.LS. re- 
main “a physiological concept rather than a chemical reality”, 11 seems also that 
the concept of F.LS. covers a large spectra of molecules having a more or less 
defined role in general metabolism rather than a specific power in reproductive 
processes in fungi (ex: cerebrosides and ceramides from mycelia of S. commune 
acting as F.1.S. on the same species, KAWAI & IKEDA, 1982; sphingolipids 
from wheat grain acting also as FAS. on S. commune KAWAI & al., 1986; 
anthranilic acid from a strain of Aclinomycetess inducing the formation of the 
stipe of the fruiting bodies of Favolus arculartus “even under dark conditions’, 
MURAO & al. 1984; … or ammonia inducing fruiting of Coprinus cinereus in 
darkness. MORIMOTO & al., 1981, ete.). 


As mentioned above: menokaryolic fruit-bodies are generally more or less ab- 
normalous. Nevertheless, recently, it was observed thal originally monokaryouc 
cullures of Coprinus cinereus developed normal fruiting bodies when subjected to 
part cular nutrilional stress from periods ranging from 3 weeks to several months 
(VERRINDTR GIBBINS & LU, 1984). The fruiting bodies arose on dikaryolic 
lissue complet with clamps connexions, and underwent a normal meiosis with 
four spores resulting from each basidium. IT appears, in this particular case, 
that a stress can induce a rearrangement of the genome at the level of incompat- 
ibility factors. The mechanism for such a transformation of monokaryotic into 
dikaryolic lissue without mating îs actually difficult to explain. 


Some metabolic aspects of fruiting initiation 


Nutritional researches on fruiting initiation are not reviewed here (MA- 
NACHERE, 1980). Nevertheless, such researches naturally lead to the problem 
of metabolic bases of the phenomenon in basidiomyceles. Fragmentary dala are 
known relative essentially to Agaricus bisporus, Schizophyllum commune, Copri- 
nus cinereus (alias “lagopus” ) and Coprinus congregaius, but practically, they do 
not allow us Lo suggest precisely those pathways implicated in initiation of fruit- 
ing. Metabolic bases of the initiation phase of fruiting of macromyceles (partic- 
ularly glucose effect on fruiting) were reviewed (MANACHERE & al., 1983). 
ilere will be evocated only some fundamental results. 


When studying phenoloxidase activities in relation to fruiting of A. bisporus, 
TURNER (1974) showed that laccase activity characterizes the vegetative phase, 
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Fig. 3 - Action spectra in fruiting of Coprinus congregatus (after DURAND & FURUYA, 
1985) 
a) primordial photainduction; b) phota-inhibition of development of “dark sensitiv: pri: 
mordia” (cf. Fig. 4). The ordinate value for the most effective wavelength was set ai 100. 


whereas tyrosinase activity increases at the time of initiation and development of 
sporophore buds, TURNER considers that the increase of extracellular laccase 
in the compost (usual substratum of A. bisporus formed by fermented straw) 
during the colonization phase, and then its disappearance at the time when the 
first carpophore flush is developed, is connected to an attack of the substrate lig- 
nin by the mycelium during the course of ils growth. Activation of Lyrosinase 
during the formation of reproductive structures could results from the impover- 
ishment of the medium at the end of the vegetative phase. WOOD & GOODE- 
NOUGH (1977) observed with the same mushroom in axenic cultures an inverse 
relation between the activity of carboxymethyi-cellulase and laccase as fructifica- 
tion progressively advances, they did not note any significant variation in the ac- 
livity of other enzymes (xylanase, laminarase, acid and alkaline phosphalascs. 
proteases). An increase of cellulase could contribute to the liberalion of sugars 
which can be assimilated by the mycelia and therefore participate in carpophore 
formation. It can be noticed that, recently, DE VRIES & al. (1986) have ob- 
served that ”... growth at 30°C in darkness prevented fruit-body formation of 
Schizophyllum commune and induced the dikaryon, but not the progenitor mo- 
nokaryons, to excrete laccase into the medium in amounts up to 3% of the ex- 
tracellular proteins. The competence of the dikaryon of the same species to prod- 
uce laccase activity, in contrast to the component monokaryons, was also noted 
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by LEONARD & PHILLIPS (1973). A major difference appears with observa- 
tions on A. bisporus : the decline in laccase activily from dikaryon of $. com- 
mune occurred in the absence of fruit-body formation, after glucose exhaustion in 
lhe medium, and on the opposite, extracellular laccase activity remained practi- 
cally unvariable, at a maximal level, during numerous successive days, when 
non-fruiling mycelia of A. bisporus were submitted to analysis (WOOD & 
GOODENOLGH, 1977). 


Although they are fragmentary, other results show that the passage from the 
vegetative phase of mycelial growth to the initiation phase of primordia is accom- 
panied by important metabolic changes. WESSELS (1965) showed thal the me- 
labolic activity of a whole culture of S. commune, as determined by gaseous ex- 
changes, is firstly fermentaüve and, when the initiation phase of primordia 
commences, becomes oxidative. WESSELS thus established for $. commune a 
patiern which seems of general relevance by those who have studied the metabol- 
ic aspects of fungal reproduction (cf. TURIAN, 1969). In fact. this metabolic 
change appears to be related to variations in amounts of various metaboliles. 
particularly carbohydrates, firstly in Ihe medium and later in the vegetative myce- 
lium. Thus, WESSELS showed that fruiting initiation of S. commune can only 
take place if exogenous carbon and nitrogen sources are available, but, over and 
above the initial stage, these requirements can differ. STEWART & MOORE 
(1974) showed that the quantity of reducing sugar and nitrogen in the form of 
x-amines in the medium diminished between the beginning of the cullure and the 
observation of the first carpophore buds of Coprinus lagopus. ROBERT (1977b) 
showed that the fruiting initiation of C. congregatus occurs when glucose from 
the medium has been almost totally removed. Generally the pH medium of the 
culture has become more alkaline when primordia appear (C. lagopus, STE- 
WART & MOORE, 1974: C. congregatus ROBERT, 1977b, IIORRIERE. 
1977) but this may be also relaled to senescence of the culture (ROBERT, 
1977b). 


Independently from the problematic question of F.I.S. previously mentioned, 
one can notice recent observations of increase in the level of cAMP in relation 
with primordia light-induction of Schizophyllum commune (YLI-MATTILA, 
1987): it seems possible that cAMP could control the breakdown of reserve poly- 
saccharides: for, in the evocated studies, the sharp increase observed in the nu- 
cleotide level took place earlier than a recognized decrease of reserve polysac- 
charides (cf. RAUDASKOSKI & SALONEN, 1984). Experiments are to be 
conducted to study this hypothesis which concerns various fungi, macromyceles 
and others, where cAMP has been suggested to be involved in morphogenetic 
and developmental processes. 


MORPHOGENETIC PHASE 


Some metabolic aspects of morphogenesis 


Metabolic aspects of the morphogenetic phase of macromycetes (particularly 
identity and mobilisation of reserves, enzymalic activities and metabolic 
pathways) were recently reviewed (MANACIIERE & al., 1983). Only some 
fundamental results will be discussed here. 


From fruiting initiation, the growth of basidiocarps implies the transfer of wa- 
ter and various materials from the original mycelium ( Agaricus bisporus, BON- 
NER & al.,1956; Coprinus lagopus, MADELIN, 1956a; Polyporus brumalis, 
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PLUNKETT, 1958; Schizophyllum commune, WESSELS, 1965). MADELIN 
(1960) found, at the time of release of fruiting of C. fagopus, that food reserves - 
probably glycogen and proteins - from inflated cells of the vegetative mycelium 
disappeared. 


Once the initiation phase is accomplished, nutritional and metabolic aspects 
are too intimately interwined to be distinguished from each other. In order to 
simplify matters, only the principal species taken as examples earlier will be con- 
sidered. As far as Schizophyllum commune is concerned, WESSELS (1965) cs- 
tablished that the respiratory ratio is above | until the primordia are formed, 
then decreases and moves towards 1. The consumption of oxygen remains high 
as long as exogenous glucose has not been totally exhausted and then falls sharp- 
ly with a further decrease during carpophore maturation. During growth of pri- 
mordia. while exogenous glucose must be present, an exogenous nitrogen source 
is unused; the needs of primordia can be met from nitrogen compounds coming 
from the vegetative mycelium. Subsequently, during the final phase of pileus for- 
mation, there is no need for exogenous carbon or nilrogen sources; indecd. the 
supply of the exogenous carbon source obstructs formation of pilei. WESSE1S 
showed that the completion of pileus formation of carpophores depends on a low 
but continued supply of glucose, resulting from the hydrolysis of glucan following 
the breakdown of arborted primordia and mycclium cell walls. In fact, on a 
vegetative thallus of S. commune or other basidiomycetes, not all carpophore 
buds accomplish their development. and only some buds reach the terminal stage 
of maturity, lhe few data given above show the complexity of this problem. [he 
progression of basidiocarp morphogenesis depends on complex nutritenal and 
metabolic interactions: medium nulrients-vegetative mycelium, vegelauve myceli- 
um-primordia and dominating primerdia-dominaled primordia, In the case of C. 
congregarus when studying the behaviour of cultures on liquid media; one can 
notice that primordia formation takes place only when the mycclial growth de- 
clines strongly, this being correlated with carbohydrate depletion of the medium. 
Thereafter prowth of primordia is dependent only on nutrient supply from the 
basal medium until the fruit-bodies reach maturity: carbohydrates reserves are 
used during fruiting and strongly metabolized during the last 48 to 24 h of fruit- 
bodies maturation (i.c. during stipe elongtion and cap expansion). It has been 
established thal a hot-water-soluble polysaccharide is particularly used during 
these processes (ROBERT, 1977b, 1978). Rhythmic production is succesive 
flushes ends with depletion of this carbohydrate reserve which constitutes the 
fruiting potential of the cultures. 


On the other hand, basidiocarp morphogenesis is also a function of inler-rela- 
tions between the stipe and the pileus. Thus, the terminal phase of carpophore 
development of C. congregatus depends, according to ROBERT (1977a), on the 
accumulation of carbohydrates and proteins apparently translocated from the 
slipe to the maturing pileus. The fina! stage of morphogenesis of this Coprinus is 
not however aulonomous: as excised carpophores cannot reach normal size even 
when excision is done during the final hours of development (BRET, 19776). Si- 
milarly, carpophores excised from Agaricus bisporus do not reach normal size 
(TURNER, 1977). However, GOODAY (1974, 1975, 1982) showed that the ter- 
minal and rapid elongation phase of Coprinus cinereus basidiocarps is an aulon- 
omous endotrophic process. HAMMOND & NICHOLS (1976) have shown that 
manniito) accumulates in basidiocarps of Agaricus bisporus at the same time as 
the level of trehalose diminishes. Elowever, at the end of development, the quan- 
tity of mannitol also decreases in the carphores and this is converted to another 
material used by the mycelium or the basidiocarp. According to the observations 
of BORRISS (1934a), the glycogen which first accumulates in the lower and pe- 
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ripheral parts of Coprinus “lagopus” slpes progressively moves towards the up- 
per parts lo be finally utilized during basidiocarp maturation. RAO & NIEDER- 
PRUEM (1969) noted the predominance of trehalose in the stipe of C. "/agopus” 
and glucose in the caps, but made no measurement of changes in the amounts of 
these components during successive stages of development. Electron microscop- 
ical observations (MATTHEWS & NIEDERPRUEM, 1973) showed that, at a 
juvenile stage of primordia development of the same species: polysaccharides 
(probably glycogen) accumulate more in the lower cells of the stipe or those cells 
destined Lo give the future hymenium. According to KITAMOTO & GRUEN 
(1976), the largest carpophores produced by a culture of Flammulina velutipes 
utilize, during Lhe course of their development. not only the residual glucose from 
the substrate but also, partially, the constituents of the mycelium and of those 
small primordia which do not develop fully. Trehalose, mannitol and arabitol are 
produced from glycogen and transferred lo the slipes and pilei of carpophores 
which develop to completion. 


Develop. Control 
stage ci 


aon Oo wm 
Me ee ue 5 
euor 
I+ t le I- 
sp o 
an aS 
ew -=r 
Ie it fe le 


(+ i+ i+ T+ 


a 
sd 


Table 3 - Role of the cap on supe elongalion of C. congregarus: inhibitory effect of caps 
from photoinhibited primordia on elongation of decapitated stipes from primordia 
whose maturation is induced {after ROBERT & BRET, 1987). 

Development stage: hours before autolysis, control: decapitated stipes only; experiment: 
caps from primordia developed during 5 days in continuous light were then applied, fol- 
lowing decapitation; n: number of treated stipes. 

N.R: other informations cf. Fig. 4. 


MOORE & EWAZE (1976), slale that measurement of the specific activities 
of representative enzymes of the pentose phosphate cycle, Embden-Meyerhof- 
Parnas pathway and the tricarboxylic acid cycle in Coprinus cinereus sporo- 
phores at different stages of the development indicates that glycolysis is the major 
route of carbohydrate calabolism through sporophore development. Enzymes of 
the pentose phosphate cycle were always at lower specific activities than the en- 
zyme of the EMP pathway, and the activilies of the pentose phosphate cycle en- 
zymes declined drastically as development proceeded. This conflicts with the 
findings for Agaricus bisporus (LE ROUX, 1965), but the changes in some en- 
zymes were qualitatively similar to those occurring in the development of Schizo- 
pPhyllum commune (SCHWALB, 1974). 


_ In practice, much remains yet lo be done in order to understand the metabol- 
ism associated with fruiting of higher fungi. The few reports referred to above, 
essentially concerning Lhe metabolism of carbohydrales in connection with the 
basidiocarp morphogenesis, are evidence of this. Other examples could have 
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been ciled. Thus, STEWART & MOORE (1974) established that GDHy,p 
{NAD-linked glutamate dehydrogenase) activity could be a component of the 
normal vegetative metabolism of Coprinus lagopus sensu LEWIS ( C. cinereus ) 
bul activity of GPliyapp increases in parallel with certain important changes in 
terminal development of carpophores. The authors showed that GDH yap activ- 
ity is subject to catabolite repression and derepression by vrea; GDllxapp activ- 
ity being, inversely, subject to catabolite derepression and repression by urca. 
Thus GDH.,p could be the enzyme normally implicated in ammonia assim- 
ilation, GDH app being reserved of specific functions associated with metabolic 
alterations in connexion with the phenomena accompanying terminal develop- 
ment of the basidiocarp. More precisely, GDHyapp specific activity increases rel- 
atively more in the tissues of the cap Lian in the stipe and the basidiospores whe- 
re il remains low. However, such a level of GDHxapp activity has not been 
found in the caps of numerous other species of Basidiomycetes (MIOORE & AL 
GHARAWI, 1976). 


Finally, it appears that maturation of the cap of C. cinereus is accompanied 
by a specific pattern of changes in enzyme activities and metabolite levels. The 
most significant changes result in amplification of activity in tricarboxylic acid cy- 
cle and the urea cycle. “The system exemplifies different sorts of regulation. 
from substrate level to the gene level, and is an ideal model for study of Lhe cau- 
salive events that give rise to metabolic shifis which direct dilferentation proc: 
esses” (MOORE, 1984a). Nevertheless, eneralizauon of particular results re- 
mains problemalic. For instance, if, in C. cinereus, urease was found in the 
stipes, its absence from the pileus was thought to account for the accumulation of 
urea and arginine in the pilei (WAZE & al., 1978). On the opposite, Flammult- 
na velutipes seems to lack such mechanism, the concentration of urea remaining 
very low in both pileci and stipes during their growth (GRUEN & WONG, 
198 1a). 


Among the histochemical studies. KOMAGATA & OKUNISIIE (1969) 
showed that, in Coprinus kimurae. the activities of cytochrome oxidase, succinic 
dehydrogenase and acid and alkaline phosphatases are localized at the carpo- 
phore growth zone; essentially the upper part of the slipe and the edge of the pi- 
leus. Similar observations have been made for Polyporus brumalis (OKUNISETI 
& KOMIAGATA, 1975). Studies on Favolus arcularius have confirmed the local- 
ization of respiratory enzymes {cytochrome oxydase and succinic dehydrogenase) 
al the level of active growth zones which are the terminal part of the stipe; the 
entire pileus and the young hymenia (HORIKOSHI & al., 1973). 


Regulation of fruit body morphogenesis at the level of individual sporophores 


The general development of sporophores (stipe elongation, cap maturation) 
requires a continuous supply of water and nutrients from the vegetative myceli- 
um during most of their growth period. The identity of the translocated nutrients 
has not been delermined. Nevertheless, the elongation of isolated whole fruit 
bodies of Flammulina velutipes was promoted by glucose and other low molecu- 
lar weight carbohydrates (GRUEN & W U, 1972). 


Many experiments show that, when a factor prevents pileus development, ex- 
cessive elongation of the stipe follows. In fact, complex correlations regulate the 
individual development of the Iwo parts of sporophores. HAGIMOTO & KO- 
NISHI (1959, 1960), HAGIMOTO (1963a, b} and GRUEN (1963) showed that 
one or more growth substances elaborated at the level of the hymenial lamellae 
probably control the elongation of carpophore stipes of the culüvaled Agaricus 
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Fig. 4 - Light conditions and method used to show the presence of an inhibitor of stipe el- 
ongation in the cap of primordia of Coprinus congregatus developed under continuous 
light (original figure by ROBET, after ROBERT & BRET, 1987). 

Decap.: decapitation = beginning of the experiment; - X h: stages of development of 
operated primordia (cf. table 3) ~ X hours before autolysis ( a ), C.]..: abortive primor- 
dia produced under continuous light (8) ; L.i: initial length, measured just after decapi- 
tation, L.f.: final length, measured just after a minimum of 24h in hght and then, cap re- 
moval when necessary; A L: residual growth of only decapitated stipes ( control ) or 
receiving caps from C.L. primordia ( experiment ), disc.: discarded parts. 

N.B.: hatched periods are periods where darkness is not needed for normal develop- 
ment; the black one correspond to an absolute requirement at 25°C; this lasi temper- 
ature was maintained during all manipulations. 


so that the unilateral elimination of lamellae from a young carpophore leads to a 
preferential elongation at the side where the lamellae were conserved such that a 
curvature is produced. Similar observations have been made with Flammulina 
velutipes (GRUEN, 1976) and Coprinus congregatus (BRET, 1977a, b). The ac- 
tive substance has not yet been identified. Morcover, the cap plays an essential 
role in the determination of stipe elongation. So, in A. bisporus and F. velutipes, 
supe clongation depends on pileus during most of the growth period: growth 
controlling activity originates in the lamellae (GRUEN, 1963, 1969, 1982). In C. 
congregatus, the presence of the cap is also necessary until a late stage for com- 
picte stipe clongation in developing fruit bodies (ROBERT & BRET, 1987). 


It may appear that the stipe-pileus relationships are one-way, the pileus cont- 
rolling the stipe elongation. This is however not the case as the stipes eventually 
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control the translocation of various nutrients from the vegetative mycelium to the 
different parts of the basidiocarps and the latter remains dependent on the ori- 
ginal thallus unül the final hours of their development. 


Going from the information given above and by the analogy of our know- 
ledge on the intervention of growth substances in iropisms of higher plants, it 
would seem reasonable to think that the positive phototropism (young sporo- 
phores) and negative geotropism (lerminal clongation phase of mature sporo- 
phores) characterizing certain phases of basidiocarp morphogenesis could be de- 
termined by “hormones”. Such hormonal substances, released asymmetrically by 
the hymenial lamellae of carpophores would determine the curvature of stipes by 
bringing out the elongation of the upper cells of the later. However, in the case 
of Flammulina velutipes, the stimulatory effect of stipe elongation by an extract 
of lamellae is significantly increased if it is transmined by nutritive agar, e.g. po- 
tato dextrose agar, rather by a simple agar (GRLEN, 1976). 


Little is known about the mechanism of action of lamellae on stipe clonga- 
tion. A. bisporus lamellae produce a diffusale in agar which, when applied unila- 
terally, causes a stipe curvature, indicative of growth promotion (HAGINIOTO 
and KONISHI, 1959, 1960; GRUEN, 1967), No curvature is observed when 
[AA is applied instead of diffusate. In C. congregatus, removal of half the cap re- 
sulted in negalive curvature of the stipe when the operation was performed more 
than 12 h before the end of the fruit body development (BRET, 1977b). Exper- 
iments consisting of joining caps and stipes of sporophores of different ages have 
shown the pattern of growth substances production in €. congregatus. Stimu- 
lation was maximal when the deposiled cap came from a fruit body that was 16 
h before the end of ils development (BRET, 1977b). In parallel. sensibilily of 
slipe to substances produced by hymenial lamellae was also maximal when such 
a stipe was 16 to 18 h before the end of ils development (ROBERT & BRET, 
1977, Table 3): it is noticeable that the "minus 16 h stage” is characterized by the 
beginning of meiotic divisions following karvogamy at 25°C (ALANACILERE, 
1968: MANACHERE & BASTOLIEL - DÉSCOLLONGES. 1982). In the 
same species, it was possible Lo inhibit clongation of the stipe when this process 
becomes quile independent of Lhe presence of caps (i.e. after the - 16 h stage pre- 
viously mentioned): this was done by using caps from non-elongaling and spore- 
less aborting fruit bodies obtained in continuous light. It seems that light which 
causes the primordia inhibiuon, and leads also to nuclear fusion in the young ba- 
sidia (MANACHERE & BASTOUILL - DESCOLLONGES, 1982), may act by 
stimulating the synthesis - or only the accumulation - of an inhibitor in the cap 
(ROBERT & BRET, 1987, Fig. 4). In continuous light, the presence of the inhi- 
bitor appears 10 prevent slipe growth in the primordium, but may also directly 
arrest further development of meiosis- 


All these results imply the production of growth- promoting or growth- inhib- 
iting factors in the cap. Ilowever, as yet, there has been no successful biochemi- 
cal characterization of the factors involved. The question is also to determine if 
such hypothetical factors are the same as those controlling the differentiation of 
the next flush, these substances being synthetized in the caps and diffusing 
through the stipe to the basal mycelium (ROBERT, 1982). 


In some isolate examples, the control of stipe elongation by the cap appears 
similar to the phenomenon of apical dominance in higher plants: for instance, 
the removal of the cap of a young sporophore of Asterophora parasitica is fol- 
lowed, in full light, by the development of several lateral new primordia on the 
remaining stipe (VIOT, 1970). In darkness, mycelia of the same species produced 
abnormal primordia with lateral ramifications, each ended by a reduced pileus: 
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Fig. 5 - Comparison of fruiting of Coprinus congregatus under 2 distinct photoperiodic 
treatments; L 1):12 12 regime (control serics) and L:D: 1/23 regime (after MANACH- 
ERE & BASTOLILL - DFSCOLLONGES, 1983), 

Number of cultures series: 25. Mean dry weight (d. wL) and mean fruit body number 
(fb. no.) by fruiting cultures and by flush are indicated. Culture temperature 23°C. lilu- 
mination radiant flux density 300 mWm (white light). 


such observations confirm previous hypothesis about physiological corrclations 
between pilei and stipes. 


Regulation of fruit body morphogenesis at the whole culture level 


Periodical fruiting characterizes severa! higher fungi (see MANACIIERE, 
1980; MANACHILRE & al., 1983). In the case of C. congregatus, when cultures 
are maintained for long periods under alternating daily periods of 12 h light and 
12 h darkness, they produce mature sporophores according to an endogenous 
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Vig. 6 - Meiosis and sporogenesis evolution in Coprinus congregatus under photoperiodic 
regime (L:1?: 12.12; culture temperature: 25°C) (after MANACHERE & BASTOUIL1. 
- DESCOLIONGES, 1982). Statistical representation of the evolution of meiosis from 
the typical “dark sensitive stadium” till the formation of the four meiotic nuclei; behind: 
comparative study of cytological and morphological evolution of sporophores. 
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rhythm with a period which is dependent upon temperature: 4 to 5 days at a 
temperalure of 23°C, 6 to 9 days at 15°C, for instance (ROBERT & MANACH- 
ERE, 197]; MANACHERE & ROBERT, 1972). A similar endogenous fruiting 
rhythm is known in the case of several other higher species, particularly the culi- 
vated mushroom Agaricus bisporus (COOKE & FLEGG, 1962; WOOD & 
GOODLNOLGH, 1977; HAMMOND, 1981). 


In the case of C. congregatus, when mature sporophores of one or two succes- 
sive flushes are picked, there is commonly a delay in the differentiation of the 
next flush and a decrease in - and even a suppresston of - the production of this 
Nush. Conversely, when exogenous sporophores (NIANACHIERE, 1977) or wa- 
ter extracts (ROBERT, 1978) of picked sporophores are applied, one can ob- 
serve a promotive effect, ie. an earlier diflerenuation of the following flush 
(mainly with extracls from caps) and sometimes, a more abundant production of 
sporophores (mainly with extracts from stipes). 


When cullures of C. congregatus are maintained al 25°C under l. D: | 23 re- 
gime (i.e. | h of light per day), the first flush is delayed on the average of two 
days in comparison wilh cultures under L D: 12 12 regime and this flush gener- 
ally shows only 1 fruit body culture against 3 fruit bodies culture on average un: 
der the 1. D 12 12 regime. Nevertheless, if dry weight is considered rather than 
number of fruit bodies, productivity is identical in the Lwo series of cullures (MIA: 
NACHERE & BASTOUILL - DESCOLLONGES, 1985, Fig. 5). Similar results 
were obtained when illumination was lowered from 300 to 10 mW m? , the cul- 
tures remaining under a L D: 12 12 regime (ROBERT, 1982). It appears that 
the reduction of the daily lighting (duration or energy level) is compensated by 
internal regulation at the level of the whole culture. Such regulation controls the 
global development of mature sporophores, particularly individual morphogenes- 
is and rhythmical production. These observations confirm the physiological unity 
of a culture of C. congregatus demonstrated by previous experiments (MA- 
NACHIERE, 1976, 1977). A fundamental question remains unanswered in the 
case of C. congregatus (MIANACHERE & ROBERT, 1972) and all other spe- 
cies showing a fruiting rhythm: at what stage are the second and subsequent 
Nushes initiated ? All the flushes may be initiated at the oulset, with the later 
ones remaining cryptic în a stage not visible to the naked eye; or each might be 
initiated just before or coincident wilh maluration of the preceding flush. 


In the case of C. congregatus (but also in the cases of Sphaeroholus stellatus, 
INGOLD & NAWAZ, 1967, and of Agaricus bisporus, COOKE & FLEGG, 
1965) picking of the primordia (and not the mature sparophores as in the exper- 
iments mentioned above) leads to an acceleration of the primordia development 
of the following flushes, the acceleration being greater the carlier stage during 
which primordia are picked. {his could results from nutrient deprivation of dom- 
inant primordia. Such hypothesis is coherent with past experimental demon- 
Stralion of MADELIN (1956b) relalive to Coprinus lagopus or of WESSELS 
(1965) relative to Schizophyllum commune and more recent observations of 
GRUEN & WONG (1981b) showing thal completely developed sporophores of 
Flammulina velutipes derive their substrates indeed from the nuuitive medium, 
but also from material stored in the rest of the colony: loss of dry weight by 
aborted primordia and stunted fruit-bodies parallels gains by large fruit-bodies. 
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Physiological aspects of sporogenesis 


For several decennies, works have been conduced to determine merphologi- 
cal, histological and cytological characteristics of basidiocarps of numerous spe- 
cies of Agaricales (cf. REINDERS, 1963; KLHNER, 1926 and numerous pa- 
pers mentioned in REIINDERS,1963; MOORE, 1984a, b) A particular 


attention has generally be given lo the evolution of hymeniai cells, from the 
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Fig. 7 - Effects of light and temperature interactions on maturation of sporophores (includ- 
ing sporogenesis) of Coprinus congregatus (after DU RAND, 1983a). Cultures grown in 
darkness for 10 days (P.S.D. = pre-stay in darkness) were then exposed to white light 
(300 mWm-2 ) without interruption during 3.5 days. At the end of this period, they have 
produced characteristic “dark sensitive primordia” (cf. MANACHERE, 1970, for_in- 
stance). They are then submitted during 6h to various thermical and light regimen. Per- 
centage of cultures with aborted primordia only {no basidiospores produced) and of cul- 
lures with normal sporulating sporophores is evaluated 24h after the end of the 
eventually maturaling regimen. 
ae sp. +: sporophores with normal sporogenesis; sp. O: sporeless aborting primor- 

ia. 
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young basidia stage to the “sporulating basidia” terminal stages (cf. HUGUE- 
NEY, 1978: Coprinus congregatus; ROSIN & MOORE, 1985a, b: Coprinus 
cinereus). Nevertheless few data concern the physiology of sporogenesis of such 
macromycetes. In most cases, observations of “normal” evolution of basidia are 
given, including replication of DNA meiotic divisions and various ultrastructural 
and cytochemical aspects (LU, 1982; THIELKE, 1982; Me LAUGHLIN, 1982). 
Beyond such useful reports, one can notice a lack about the control of meiotic 
evenls and of sporogenesis by external and hypothetical internal factors: in other 
words, the physiological aspects of basidial and basidiospore development s.s. 
are practically unknown. 


The morphological stages and phases of development of sporophores of C. 
congregatus, and, correlatively, the nuclear behaviour of hymenial cells till com- 
plete sporogenesis are well defined and determined essentially by daily light and 
dark periods. Each stage is defined - at 25°C in most observations - by the num- 
ber of hours before sporophore maturity, which is called 0 h stage (for instance, - 
36 h stage represents 36 h before the Oh stage). With respect to the cytological 
state, and particularly the development of meiosis, there is no karyogamy at the - 
36 h stage. Only 50°% of the basidia have diploid nuclei at the - 24h stage. Lsu- 
ally, all basidia reach karyogamy between the - 20 and - 16 h Slages, and the 
meiolic divisions begin at the - 16 h stage and are completed at the - 12 h slage 
(MIANACHERE & BASTOLILL - DFSCOLLONGES, 1982). On the other 
hand, at 25 C there is a photoinhibition phase between - 36 and - 24 h stages, 
light being necessary before and after this phase. In continuous light, after the - 
36 h stage (stage of sensitivity to darkness) one can essentially observed an inhi- 
bition of supe elongation and an arrest of meiosis at the nuclear fusion stage 
correlatively; one can observe no opening of pileus (VIANACIIERE, 1970, Fig. 
6, 8). 


A similar inhibitory effect of continuous light on stipe elongation and meiosis 
(i.e. arrest al the nuclear fusion stage) was then observed on primordia of various 
other species of other Coprini: “C. fagapus” at 35°C (LU, 1972), dikaryotic spo- 
rophores of C. macrorhizus at 28°C (KAMADA & al., 1978), monokaryolic spo- 
rophores of a mutant strain of the same species at 25°C (MIYAKE & al., (980), 


In C. congregatus, the dark requirement observed at relatively elevated tem- 
perature (20-25°C) is not found for temperatures less than 17.5°C: Normal devel- 
opment of primordia in continuous light (300 mWm ) was obtained by lowering 
the basal temperature of the culture from 25 to 10°C for 6 h (ROBERT, 197); 
ROBERT & DURAND, 1979). More precisely, at low levels of irradiance (1-5 
mWm? ) a slight decrease in temperature (25 to 22.5"C) was sufficient to release 
primordia from photoinhibition (DURAND,1982, 1983a, Fig. 7). [t was ob- 
served that meiosis and consecutive sporogenesis are strictly dark dependent at 
25°C, but could proceed in continuous light at 10°C (Fig. 8). li appears that the 
dark requirement triggering meiosis and then besidiocarp maturation in several 
Coprinus species, C. lagopus (LU, 1972), C. congregatus (MANACHERE & 
BASTOUILL - DESCOLLONGES, 1982) could be temperature-dependent. 


_ Furthermore, in certain higher and lower fungi the dark period which deter- 
mines the terminal phase of development of sporophores, namely the phase of 
maturation including sporogenesis, could be replaced by lowering the temper- 
ature. For instance, some parasitic micromycetes, Alternaria solani and A. toma- 
fa, failed to develop conidia under continuous illumination at 25°C: however; 
the inhibiting effect of light was no longer present at 15°C (ARAGAKI, 1961; 
LUKENS, 1966). 


Source : MNHN., Paris 
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Fig. 8 - Effects of light temperature interactions on meiosis in Coprinus congregafus (after 
MANACHERE & RASTOUILL - DESCOLLONGES, 1982). 
Experimental conditions: cf. Fig. 7. Primordia reach “dark sensitive stadium” after 3.5 
days under continuous white light. Meiosis, and consecutive sporogenesis, is normal 
when such primordia are submitted to Â dark period during 5 h, temperature: 25°C or a 
dark period during 12 h, temperature: 25°C or full light during 6h, lemperature lowered 
from 25 to 10°C. 
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Such phenomena are observed in other groups of plants. Some of the devel- 
opmental features cited for €. congregatus have their analogy in the photoperiod- 
ic responses of some extremely sensilive short-day plants, particularly those 
which can be induced by a single dark period such Xanthium strumarium, Phar- 
bitis nil, Lemna perpusilla (EVANS, 1969), Perilla ocpmoides (DI-RONNE & 
BLONDON, 1977) or strawberry (HEIDE, 1977). Therefore, floral initiation, 
conidia formation or fruithody maturation can be induced by a number of alter- 
native pathways and are not strictly dependent upon a specific pholoperiodic 
process. 


In parallel with studies on physiological correlations during morphogenesis 
and sporogenesis of sporophores of C. congregatus, recent work was conducted 
to determine the potential of fruiting of isolated hymenial lameilae used as inocu- 
la, al various meiotic and sporogenetic stages (BASTOUILL - DESCOLLONG- 
ES & MANACHERE, 1984, Fig. 9). When isolated lamellac were transplanted 
at young stages (binucleate or karyogamy stages, i.e. -36 to -24 h stages), in most 
cases young basidia did not develop beyond prophase | of meiosis. But inocu- 
lation was followed, practically without exception, by a direct fruiting, no sporo- 
phore of the first flush appearing on the vegetative mycelium developed around 
the inoculum. Phe first fruiting flush was observed exclusively on the inoculum. 
Conversely, when isolated lamellae were Lransplanted at older stages, meiosis and 
sporegenesis proceeded normally and the potential for direct renewed fruiting di- 
sappeared: the first fruiting Hush was generally not observed on the inoculum but 
on the surrounding mycelium. These results, among others, confirm that physio- 
logical phases and stages of primordia of C. congregatus may be defined not only 
by the usual morphological characters, but also by correlated cytological stages 
of meiosis-sporogenesis al the level of hymenial cells. 


From a biochemical point of view, one can notice interesting but isolated ex- 
periments of RAUDASKUOSKI & LU (1980) studying the effects of hydroxyurea 
(IL) on meiosis and genetic recombination in Coprinus “lagopus”, The drug 
was applied direcuy al the level of hymenial cells of primordia, at various devel- 
opment stages. The effects of HU on the meiotic cell cycle suggest thal the drug 
can exert its effects by inhibiting the synthesis of deoxynucleotides: the two most 
sensitive meielic stages are mid-lat premeiolic S phase and pachytene-diplotene 
period. Recently, MOORE & al. (1987) noticed thal increase in GDEyapp yet 
observed during terminal development of sporophores of Coprinus cinereus (cf. 
STEWART & MOORE, 1974) 7... was initiated as karyogamy became evident; 
enzyme activily stabilized for aboul 4 hours during meiosis, bul resumed after 
meiosis I and continued to increase until spore maturation... It is concluded that 
expression of GDI Capp in the fruit-body cap of C. cinereus is either a compo- 
nent part of the cellular programme involved in karyogamy, or is directly trig- 
gered by that programme. Further study of this system will be an important con- 
tribution to understanding of the immediate metabolic impact of nuclear fusion 
events like fertilization’. 


Cultures are then returned to classical photoperiodic regime (L:D: 12.12) where normal 
meiosis and sporogenesis are observed. One can notice that basidia remain at “nuclear fu- 
sion stage” when primordia remain under continuous light without lowering temperature. 
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CONCLUSION 


There is an evident need for fundamental studies on different aspects of spo- 
raphore differentiation in macromycctes, from primordia initiation to achieved 
sporogenesis. Coprinus species remain useful models for such works, for in- 
stance on metabolic processes, on nature of the photoreceptors, on hypothetical 
fruiling-sümulating substances. The regulation of gene expression during some 
fundamental events, particularly during primordia initiation merits a particular 
attention. More than ever, the study of fungi - lower and higher - should contrib- 
ule lo a better understanding of various physiological general problems in plants, 
such as photoperiodic control of reproduction in organisms, nature of blue and 
U.V, photoinduced or photoinhibiled reactions (cf. problem of “cryptochrome’), 
interactions of external factors controlling morphogenesis and sporogenesis (par- 
liculacly light and temperalure) endogenous rhythmical processes of differen- 
liation of reproductive structures... In addition to such areas of prime interest, 
there remain diverse correlations at all phases of growth and development, both 
at the level of the individual sporophore and of the whole cullure which consti- 
tute a physiological unit analogous to a whole higher plant. 


At last, from a strictly mycological point of view, most of the physiological as- 
pecis of meiosis and consecutive sporogenesis are still unknown. Researches in 
this last field would indeed lead to a better understanding of the influence of vari- 
ous external and internal factors on the reproduction of higher fungi, when act- 
ing at the level of replication of DNA and successive meiotic events. 
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Fig. 9 - Influence of cytological and physiological stages of meiosis and sporogenesis on 
“regeneration” potential of isolated lamellae of sporophores of Coprinus congregatus (af- 
ter BASTOUILL - DESCOLLONGES & MANACHERE, 1984). 

The drawing below the abscissa represent the degree of development reached by hyme- 
nial cells when lamellae of the corresponding physiological stages (-36h, -24h, ... -10h) 
are used ma inocula (20 cultures/each physiological stage). 

N.B.: at the top of the figure, illustration of direct O , mixed EX and indirect EI re- 
generation. 
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